A magnetotelluric (MT) survey has been performed to delineate deeply extended fracture systems at the geothermal field in Seokmo Island, Korea. To assist interpretation of the MT data, geological surveying and well logging of existing wells were also performed. The surface geology of the island shows Cretaceous and Jurassic granite in the north and Precambrian schist in the south. The geothermal regime has been found along the boundary between the schist and Cretaceous granite. Because of the deep circulation along the fracture system, geothermal gradient of the target area exceeds 45 C/km, which is much higher than the average geothermal gradient in Korea. 2D and 3D inversions of MT data clearly showed a very conductive anomaly, which is interpreted as a fracture system bearing saline water that extends at least down to 1.5 km depth and is inclined eastwards. After drilling down to the depth of 1280 m, more than 4000 tons/day of geothermal water overflowed with temperature higher than 70
Introduction
Korea does not have a high-temperature geothermal regime. There is no active volcano in Korea and there have been no volcanic or major tectonic activities for more than a thousand years. Historical literature says that the last volcanic activity was observed a thousand years ago (1007 AD) in Jeju Island, the only volcanic island in Korea (Lee, 1985) . Nevertheless, there are many hot springs and people have used hot spring water for bathing for more than thousand years. However, the temperature of those hot springs is not high enough to be used for power generation or district heating; the highest one so far is only 78 C in the Bugok hot spring, which is located in the south-eastern part of the Korean Peninsula. Most hot springs in Korea are closely related to deeply extended fracture systems in crystalline rock such as Cretaceous or Jurassic granite. The geothermal regime in Seokmo Island is no exception and was initially reported by hot-spring developers. They happened to find a geothermal anomaly there without detailed scientific investigations while drilling several hundred metres to develop hot water. From one of the wells (BH-1), a great amount of geothermal water at~70 C overflows, while the other well (BH-2) failed to strike geothermal water, although it reached a depth of 1200 m. The two wells are separated by onlỹ 350 m from each other. To figure out the reason and to delineate the fracture systems as well as geological structures at depth, in this study, geological mapping of the island, geophysical surveys including magnetotelluric (MT), audio-frequency MT (AMT) surveys and well logging, and geochemical investigations have been performed.
Geological settings
The geology of Seokmo Island is characterised by outcrops of basement rocks, and consists mainly of Precambrian schist and granite gneiss, medium-grained Jurassic granites, and fineto medium-grained Cretaceous granites. Some parts of the island are covered by very thin (<20 m) Quaternary sediments ( Figure 1 ). One can divide the island into three parts according to the geology; Jurassic granite is mainly found in the northern part (north rock body), Cretaceous granite in the south (south rock body), and Precambrian schist in the west and south of the island. Rb-Sr ages of the granites are 132 AE 50 Ma for the south rock body and 207 AE 70 Ma for the north rock body (Lee et al., 2006a) .
The main target area, where most of drill-wells are located in Figure 1 , is along the boundary between the schist (Jangbong Schist) in the south and Cretaceous granite in the north. Note that the orientation of vertical joints, which has been analysed from outcrops over the islands and is displayed on the bottomright corner of Figure 1 , is mainly in the direction of NNE and WNW. The distribution pattern of vertical joints will be related to deep seated-fracture systems, to the history of geological activity, and to the paleostress fields of the area. Note that a lineament that can be identified from the topography, marked by a solid line in the figure, runs in the NNE direction and is identical in direction to the major orientation of joints of the area.
Geophysical surveys
More than 20 deep wells for developing hot spring water have been drilled so far within the island, especially near the south rock body, which was formed by the most recent intrusion during the Cretaceous period (Figure 1 ). A few of the wells can produce hot water with temperature ranging over [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] C from depths between 750 and 1000 m, but most of them failed to get enough flow. Figure 2 shows temperature logs for the boreholes BH-1 and BH-2 shown in Figure 1 , natural gamma-ray logs, and a lithologic column for BH-2. The temperature profile for BH-1 shows higher than 65 C from the surface, because of overflowing geothermal water. However, the temperature profile for well BH-2 shows a typical conductive regime. There is not enough flow. Note that temperature profile for BH-2 is perturbed slightly at the depth of 830 m, which indicates a permeable zone, where the boundary between an acid dyke and biotite granite is located. The geothermal gradient estimated from the BH-2 temperature log is greater than 45 C/km. When compared with the average geothermal gradient in Korea (25.1 C/km; Kim and Song, 2005) , this is an abnormal value. The most likely interpretation of this abnormal geothermal gradient would be deep circulation of sea water along deeply extended fracture systems, which is a most common feature in hot spring areas in Korea; i.e. convection of hot water from deeper parts heats up the formations near the surface. 
Magnetotelluric survey at Seokmo Island Exploration Geophysics
To understand the fracture system that possibly acts as a conduit of the geothermal water, a MT survey and an AMT survey have been carried out in conjunction with each other. The use of AMT data in MT interpretation can greatly improve the resolution of the shallow part of the survey area, and thus can help in resolving deeper parts as well (Lee et al., 2006b ).
MT measurement sites are shown in Figure 3 . A total of 39 measurements were made using Phoenix MTU-5A systems. Since it is not easy to access the mountains carrying heavy MT equipment, most measurements have been made in rice fields, where the topography is almost flat. Unfortunately, however, the survey area is extremely noisy. There are a lot of electromagnetic noise sources; power lines cover the whole rice field area, on/off noises from groundwater pumps and from houses very near to the sites, and cars. The overall noise level is too high, so that low frequency MT data below 1 Hz could not be obtained even though remote reference processing (Gamble et al., 1979 ) has been applied. Data from a permanent monitoring station in Esashi, Japan, which is more than 1500 km distant from the sites, are used for remote reference processing for MT data. The remote reference for AMT processing is the data obtained from the other field site at the same time. Figure 4 shows example of typical sounding curves. Here x points to the north. Note that splits between apparent resistivity curves in orthogonal directions, electric field to the north (Zxy) and to the east (Zyx), indicate 2D or 3D structures beneath the area. Note also that the data suffers severe static shifts; the apparent resistivity at site 209 at the highest frequency, for example, is almost 10 times higher than the others. Figure 5 shows a frequency diagram of estimated strike direction from measured MT impedance tensors, which is the angle that maximizes the difference between impedances in the two directional components (Zxy versus Zyx). One observes from the figure that N30 E and N40-50 W are dominant over the survey region. In theory, the estimated direction has intrinsic rotational ambiguity of 90 degrees (Geotools Corporation, 1997). Major strike direction of the basement rocks can therefore be either N30 E or N60 W, which is consistent with the orientation of vertical joints observed on the surface as shown in Figure 1 .
Considering the major direction of the lineament distribution described in Figure 1 , and the estimated strike direction shown in 
Line-Y) were performed using a damped least-square inversion scheme based on a finite element forward code (Uchida, 1993) . For the 2D inversion, 52 frequencies from 0.293 to 4400 Hz at logarithmic spacing were used. Data with high measurement error were excluded for the inversion, so that very few sites have data at frequency below 1 Hz. For Line-X, for example, only one site (site 203) has data at the lowest frequency (0.293 Hz); data from the other sites are discarded because of large measurement error. A 3D inversion with static shift parameterization (Han et al., 2008) was also performed for the area surrounded by a rectangle in Figure 3 . For the 3D inversion, 11 frequencies from 0.43 to 229 Hz at logarithmic spacing were used. Topography was not considered in either the 2D or 3D inversions, but the 3D inversion does incorporate static shifts compensation (Han et al., 2008) .
Unlike the 2D inversion, the 3D inversion incorporates static shifts into the inversion and so it can be assumed that static shifts have been compensated during the inversion. Very strong static shift, which exceeded several times at several sites, were removed during the inversion. Because of the strong electromagnetic noise, the 3D inversion does not converge adequately. The root-meansquare (rms) misfit decreased to 3.66 at the final (10th) iteration from an initial rms value of 12.89. Figure 6 shows the model curve fits at alternate sites among the 28 measurement sites. The inversion generally seems to experience more difficulty in fitting the phase than the apparent resistivity, although the same weights between the two are applied in the inversion. Figure 7 compares the inversion results. In Line-X (TM), a boundary in the shallow part (<500 m) can be seen to divide conductive south from resistive north. Basement is found at the surface in the northern part of Line-X, while shallow fracture systems, with seawater intrusion, are to be expected in the southern part of Line-X. At depth, a conductive discontinuity can be seen beneath stations 207 and 209. The two boreholes are in the margin of this discontinuity. In Line-Y (TM), one can find a very strong conductive anomaly at 500-1500 m depths and extending deeper. This could be the fracture system that carries geothermal water in BH-1. Geothermal water produced from BH-1 is saline water with conductivity of 49 000 mS/cm. Saline water along a fracture system is assumed to form such a strong conductivity anomaly and BH-2 is projected to meet the fracture system in the resistivity image. This is much clearer when comparing the two conductivity images from 2D and 3D inversions in Figure 7 . In Line-Y (3D), the boundary between conductive and resistive zones appears more clearly and one can see that the boundary inclines to the east. If this boundary is related to the fracture system that carries geothermal water to BH-1, then BH-2 is already very close to the depth of the fracture system. With these promising interpretations, additional drilling for BH-2 was decided, and it eventually met the fracture system after drilling 80 m more. More than 4000 tons/day of geothermal water at a temperature of 70 C now overflows from BH-2 (Figure 8 ). Chemical composition of geothermal water from BH-1 and BH-2 is almost the same (Table 1) . Geothermal water from the two boreholes shows similar temperature and chemical composition, so that they can be considered to have the same origin; i.e. from the same fracture system. Note from Table 1 that the geothermal water contains a large amount of sodium and chlorine.
Conclusions
Preliminary geological and geophysical surveys have been carried out for deep geothermal development in Seokmo Island, Korea. Basement rocks, mainly Precambrian schist and Jurassic or Cretaceous granites can be found close to or even at the surface. In these crystalline formations, the most likely scenario is that the geothermal regime can be attributed to deep circulation of seawater along the fracture systems. MT surveys, geophysical well logs, and drilling results support this scenario.
The MT method can be a very useful tool for mapping subsurface fracture systems as well as geoelectrical structures at depth. Unfortunately at this site, however, artificial electrical noise level is too high due to residences nearby, power lines, and groundwater pumps, so that MT data below 1 Hz cannot be obtained. Using MT and AMT data for frequencies above 1 Hz, 2D and 3D inversions give reasonable images of subsurface conductivity structures down to roughly 2 km.
In 2009, Korea Institute of Geoscience and Mineral Resources (KIGAM) have launched a new geothermal project in Seokmo Island. The purpose of the project is to develop deep geothermal water of over 95 C within 3 km depth and to utilise the geothermal water for combined heat and power generation. This year, the first year of the project, additional geophysical investigations will be carried out to get detailed information on deep geological structures. These investigations include additional MT surveys to cover a wider area, and seismic reflection surveys, borehole surveys, and well logging in more than 20 existing boreholes.
